In cancer progression, metastasis is a major cause of poor survival of patients and can be targeted for therapeutic interventions. The first discovered metastatic-suppressor Nm23-H1 possesses nucleoside diphosphate kinase, histidine kinase, and DNase activity as a broad-spectrum enzyme. Recent advances in cancer metastasis have opened new ways for the development of therapeutic molecular approaches. In this review, we provide a summary of the current understanding of Nm23/NDPKs in the context of viral oncogenesis. We also focused on Nm23-H1-mediated cellular events with an emphasis on chromatin modifications. How Nm23-H1 modulates the activities of chromatin modifiers through interaction with Epstein-Barr virus-encoded oncogenic antigens and related crosstalks are discussed in the context of other oncogenic viruses. We also described the current understanding of the cellular and viral interactions of Nm23-H1 and their reference to transcription regulation and metastasis. Further, we summarized the recent therapeutic approaches targeting Nm23 and its potential links to pathways that can be exploited by oncogenic viruses.
INTRODUCTION
Oncogenesis is more than a proliferating aggregated mass of cells. In the progression to the cancer phenotype, normal cells acquire signature attributes that transform them into tumorigenic and eventually malignant cells with metastatic potential. Metastasis is a phenomenon where cells with tumorigenic potential evade the nearby tissues and spread to distant organs from the primary neoplastic site. 1, 2 This adaptation to a new microenvironment at distant tissues by primary tumor cells require expression of numerous cellular genes to reprogram cells and so bypass the evolutionary selection pressures. 3 Furthermore, similar to other evolutionary events, a rare cell among millions wins this competition for survival.
More than 20 metastatic suppressors have been identified that influence many cellular signaling pathways and show metastatic-suppressor activities at different stages of metastasis, including intravasation, survival in the blood stream, extravasation, colonization and angiogenesis. 4 Nm23-H1, the human isoform of Nme1 with NDPK activity, also called NDPK A (nucleoside diphosphatase kinase A), was the first metastatic-suppressor gene identified, and owing to an overwhelming abundance of experimental evidence, its metastatic-suppressor activity has been accepted beyond a doubt. 5 In humans, the Nm23 family has 10 members (H1-H10) identified to date. Nm23-H1 and Nm23-H2 share 88% identity 6, 7 but the antimetastatic activity of Nm23-H2 has not been fully explored.
As an essential function, NDPKs catalyze the exchange of phosphate groups between different nucleoside diphosphates and triphosphates and so sets up an equilibrium between different nucleoside triphosphates. 8 The idea to look for tumor suppressors arose from the discovery of oncogenes. Bishop and Varmus investigated the concept that oncogenes influenced the growth and division of cells using the Rous sarcoma virus. 9 They were the first to propose the idea that viral oncogenes are of cellular origin, hijacked during infection by viruses over time. 9 The Nobel prize in Physiology and Medicine was awarded in 1989 for their discovery. 9 This led to an explosion in the field with the discovery of cellular proto-oncogenes and tumorsuppressor genes.
Cancer cells have the attribute of genome-wide alterations, which results in dysregulation of the expression of cellular genes, and chromatin regulators important for normal regulation of cellular gene transcription. In cancer, various factors, including mutations in the regulatory genes, and epigenetic silencing can perturb the normal functioning of chromatin regulators, thus supporting the oncogenic behavior of cells. 10 Chromatin regulators are responsible for packaging and unpacking DNA as well as modifying histones, thus regulating transcription, replication and repair of DNA. 11 These chromatin regulatory proteins can be broadly classified into two groups either as chromatin modifiers, performing acetylation, methylation, ADP-ribosylation, ubiquitination and sumoylation of histone, 11 or chromatin remodelers altering the structural confirmation of DNA-histone complex. 11 Modifiers perform covalent modifications in an energy-independent manner, whereas remodelers utilize the ATP energy currency involved in packaging of DNA into nucleosome or unpacking through ejecting, translocating or inserting the histone octamer. 12, 13 Human chromatin remodelers are organized into four groups of proteins. They include the SWI/SNF (SWItching defective/Sucrose Non Fermenting), ISW1 (Imitation SWItch), CHD (Chromodomain, Helicase, DNA binding) and INO80 (INOsitol requiring 80) families. 11 Among chromatin modifiers, histone acetyl transferases (HATs) and histone deacetylases (HDACs) have contrasting actions. 11 HATs manipulate the electrical status of the chromatin DNA complexes where acetylation removes the positive charge on the histone at various lysine residues reducing its binding capacity to negatively charged sugarphosphate backbone of DNA and therefore access to transcription factors. HDACs perform the opposite activity in removing the acetyl groups on lysine residues on histones. 14 There are 5 HAT families with 13 members, and 4 HDACs families having HDAC 1-11. 11 Sirtuins (1-7) functions in many cellular processes, including inflammation, gene regulation, cell death and aging, through a range of activities. These include deacetylation, ADP-ribosyl-transferase, demyristoylation and desuccinylation. 15, 16 Similarly, another contrasting functional pair of histone methyl transferase and histone demethylase add and remove methyl groups at lysine and arginine residues at different positions. 17, 18 Histone methylation has varied effects on cellular functions as it interferes with the binding of transcription factors and other chromatin-binding proteins and performs the transcriptional activation/repression. 11 Protein lysine methyl transferases have 450 members classified into 8 different groups and 9 protein arginine methyl transferases classified into 3 groups. 11 These all can contribute to regulation of gene expression and may be targeted for dysregulation by oncogenic viral antigens.
ONCOGENIC PHENOTYPE INDUCED BY INFECTIOUS AGENTS
The carcinogenic process is a highly integrated series of complex events that leads to cell transformation and proliferation. Non-infectious carcinogens, viral carcinogens and other infectious agents capable of driving oncogenic phenotype are likely not the sole contributors to cancer. It is rather the accumulation of a series of events driven by interaction of carcinogens, infectious or non-infectious agents with host factors. These interactions can silence or suppress the cellular regulatory mechanisms, which protect cells against uncontrolled growth and proliferation.
Importantly, we should also mention that some common cancers are associated with non-infectious risk factors, which include age, alcoholism, exposure to chemical carcinogens, environmental pollution, chronic gastric inflammation, dietary habits, hormones, immunosuppression, obesity, exposure to radiation, sunlight and tobacco usage. 19 These can further affect the susceptibility to other infectious agents as well as the microbiome, which impacts the homeostatic functions of many cellular processes and so causes uncontrolled growth and proliferation.
Oncogenic infectious agents, including viruses, are among the major contributors to human cancers. They contribute to approximately 20% of the cases. 20 Epstein-Barr virus (EBV), Kaposi's sarcoma associated herpes virus (KSHV) or human herpes virus 8, human papilloma virus (HPV), human T-lymphotropic virus-1 (HTLV-1), hepatitis B virus, hepatitis C virus (HCV) and Merkel cell polyomavirus (MCV) are viruses well known to directly contribute to the development of different cancers (Figure 1) .
Several viral factors such as LMP1 and EBNA3C of EBV; E6 and E7 of HPV; latency-associated nuclear antigen (LANA), vIRF and vCyclin of KSHV, large and small T antigen of BKV; JCV and MCV; and core, NS3 and NS5A of HCV have all been shown to drive oncogenic events through dysregulation of the activities of many cellular tumor suppressors. A partial list detailing the tumor viruses and their characteristics and association with different determinants driving these cancers is shown in Table 1 . Included among these agents are HTLV-1 and HCV, which are RNA viruses. This is worth noting as virus infection can serve as oncogenic drivers but may not be independent or the sole drivers. Other contributory factors are also critical for progression of human cancers and include modulation of normal host regulatory events by interaction with the related host factors, mutations in key regulatory genes such as p53 and Rb, genetic susceptibility and exposure to hazardous carcinogens and pollutants. 21 CELLULAR EVENTS TARGETED BY VIRAL-ENCODED ONCOGENES Co-evolution of oncogenic viruses with their host enhances survival fitness and has equipped these viruses with ingenious ways to evade the host immune challenges as well as other regulatory molecular networks. Viruses can also disrupt cellular homeostasis by driving cell division, proliferation and apoptosis. Oncogenic viruses also encode homologs of cellular genes and have developed strategies of molecular mimicry such as expressing vBCL2 and vFLIP to subvert host cell division, survival, apoptosis and immune surveillance 22 KSHV also encodes a number of genes, including vIL-6 (viral interleukin-6), vMIP-1 (viral macrophage inflammatory protein-1), vFLIP (viral FLICE inhibitory protein), vBCL-2, v-cyclin, vGPCR (viral G protein-coupled receptor) and vIRF-1 (viral interferon regulatory factor), which encodes similar functions to human cytokines and related signaling pathways. 23 Interestingly, a monoclonal antibody raised in rabbit against the glycine-alanine domain of EBNA1 of EBV shows cross reactivity to a cellular host protein by recognizing the 72 kDa EBNA1 of EBV and a cellular protein of 62 kDa. 24 Another example of molecular mimicry is LMP1 encoded by EBV, which mimics CD40 activities and recruits JAK3, TRADD and TRAF and bypass the NFκB signaling, evades apoptotic response and causes B-cell proliferation. 25 Similarly, LMP2A targets host tyrosine kinase SYK and disrupts B-cell receptor (BCR) signaling. 26 Typically, B cells without BCR activation undergo apoptotic death but LMP2A-expressing cells shuts down this apoptotic program through mimicking short linear motifs of the host protein. 27 Current advances in cancer research have shown that, in parallel to genetic abnormalities, epigenetic modulation is a key factor for cancer development, causing activation of oncogenes, shutting off tumor-suppressor genes, suppressing DNA repair system and chromosomal instability, which leads to improper mitotic segregation. 28 EBV latency programs restrict expression of EBV latencyassociated genes in different types of cancers and are classified as latency 0-III. 29 Removal of epigenetic marks either by histone deacetylase or a methylation inhibitor can switch between latency-associated gene expression patterns. 30, 31 This implies that EBV latency programs are epigenetically regulated. EBV-encoded latency-associated gene products have a direct impact on the expression of host genes. EBNA2, an EBV nuclear antigen, interacts with p300, CBP and PCAF HATs through its acidic domain at the C-terminal. This suggests that EBNA2 can recruit these HATS to modulate host transcription. 32 Furthermore, EBNA2 interaction with RBP-JK and PU.1 through the same domain in a sequencespecific manner is responsible for transcription activation of a number of host genes. 32, 33 EBV-mediated global epigenetic alteration has been also shown in viral-positive nasopharyngeal carcinoma. These viral-encoded gene products are involved in methylation of tumor-suppressor genes in NPC. 34 Specifically, the JNKactivator protein 1 signaling was shown to be exploited by EBV LMP1-mediated DNMT1 activation in NPC. 34 
THE FUNCTIONAL CONSEQUENCES OF NM23-H1 INTER-ACTION WITH CELLULAR AND VIRAL PARTNERS
Nm23-H1 is involved in regulation of many cellular functions. A model of its many representative functions is shown in Figure 2 .
Cellular Interactions of Nm23-H1
Nm23 proteins interact with a large number of cellular proteins. We present a brief account of important interactions. Among these interactions, Nm23-H1, H-prune and cAMP phosphoesterase are well characterized. In several cancer types, H-prune shows augmented expression in colorectal, gastric cancer and breast cancer and has antimetastatic-suppressor activity. 35 Interaction of H-prune with Nm23-H1 is facilitated by casein kinase 1 through serine residues at 120, 122 and 125 positions of Nm23-H1 and associated with enhanced neuroblastoma tumorigenesis. 36, 37 H-prune association with Nm23-H1 is also reported as associated with the aggressive progression of gastric cancer and is associated with advanced grade of tumors. 38 In association with cell motility and anchorage, gelsolin, an actin-binding protein, interacts with Nm23-H1 and Nm23-H1 dampens the actin-removing potential of gelsolin. 39 Further, overexpression of gelsolin is associated with tumor metastasis by modulating cellular signaling cascades involving EGF and Ras-Rac. 40, 41 Nm23-H1 also interacts with the serine-threonine kinase receptor associated protein (STRAP). This interaction downregulates transforming growth factor β (TGFβ) signaling. 42, 43 Nm23-H1 interaction with STRAP stabilizes the binding of TGFβ and Smad7 and was also reported to activate the p53 tumor suppressor and its downstream effector functions, which includes cell-cycle regulation and induction of apoptosis. 42, 43 Another important interaction of N23-H1 is with the kinase suppressor of Ras (KSR), a member of the MAP kinase pathway that contributes to metastasis. 44 Further, the Rac1-GTPase interaction is regulated by Nm23-H1 and Tiam1 (T-cell lymphoma invasion and metastasis). 45 Tiam1 is a known guanidine nucleotide exchange factor (GEF).
A member of the same family, the Dbl1 oncoprotein interacts with Nm23-H1 and leads to loss of the metastatic function of Nm23-H1. 46 This happens through dampening the functional activity of Dbl1 as a GEF for Cdc42. 46 Nm23-H1 also participates in GTPase regulation by interacting with Rad, a Ras-related protein associated with diabetes. 47 Furthermore, direct interaction of Nm23-H1 with macrophage migratory and inhibitory factor (MIF) leads to loss of regulatory role of MIF in p53-mediated cell cycle regulation and apoptosis. 48 In a recent study, the transcriptional factor forkhead box O3 (FOXO3) indirectly downregulates Nm23-H1 expression and enhances the metastatic event in non-small-cell lung cancer. 49 Targeting FOXO3 as an upstream regulatory factor of Nm23-H1 may regulate its downstream antimetastatic function and provides an exciting opportunity for future therapeutic approaches.
The Enzymatic Activities of Nm23-H1 Nm23-H1 is the best-characterized member of Nm23 family and has three types of enzymatic activities associated.
Nucleoside diphosphatase kinase activity NDPK activity of Nm23-H1 supplies the GTP for cellular signaling by transfer of phosphate between different nucleoside diphosphates and triphosphates. 8, 50 Isoforms of Nm23 are differentially expressed in the tissue participate in the kinase activity. 51 The primary function of its NDPK activity is to maintain NTP homeostasis for nucleic acid synthesis and to supply the energy for generating and maintaining cytosolic structure. 52 Histidine kinase activity Histidine protein kinases are well recognized in the microbial world as part of the two-component system and are absent in humans. 53 Histidine kinases sense specific stimuli and the cognate response regulator manages the cellular response to that stimuli. 53 Proteins phosphorylated at histidine residue by Nm23-H1 are ATP citrate lyase and succinate thiokinase and are linked with cell motility supression. 54 Interestingly, serine/ threonine phosphorylation of KSR by Nm23-H1 represents the direct association of the Nm23-H1 kinase activity and its role in regulating metastasis. 44 DNase activity of Nm23-H1 Nm23-H1 remains as the part of SET complex activated by granzyme A. 55 During apoptosis, Nm23-H1 localizes to the nucleus after degradation of the SET protein by granzyme to perform its nuclease activity. Granzyme A does not target Nm23-H1 rather it targets SET, and cytotoxic T-lymphocyte (CTL) attack can activate this process. 55 This suggests that the tumorigenic suppression of Nm23-H1 will hinder the CTLmediated immune attack and apoptotic events, allowing for tumor cells to bypass the cellular regulatory mechanisms. In in vitro assays, Nm23-H1 displayed the 3′-5′ exonuclease activity to single-stranded DNA substrates and doublestranded substrates with 3′ overhang but not with bluntended double-stranded substrates. 56 Nm23-H1 nuclease activity links its metastatic-suppressor function with its exonuclease activity. 57 Furthermore, Nm23-H1 overexpression in cancer cells suppresses the DNA repair activity, suggesting that Nm23-H1 is important for regulating the level of genomic instability in cancer. 57 Viral Interactions with Nm23-H1 and its Related Functions Nm23-H1 directly interacts with EBNA3C, the viral antigen encoded by EBV, through its carboxy-terminal domain as demonstrated via yeast two-hybrid screen where 365-992 amino acids were used as a bait to identify Nm23-H1. 58 Findings were further validated where full length and the carboxy-terminal domain of EBNA3C interacted with Nm23-H1 with similar binding activities. 58 In the presence of EBNA3C, Nm23-H1 can co-localize predominantly to the nuclear compartment with EBNA3C, translocating from the cytoplasm. 58 In another study, breast carcinoma cells stably co-expressing EBNA3C and Nm23-H1 showed a higher rate of metastasis in nude mouse compared with EBNA3C and Nm23-H1 alone. This implies that EBV can overcome the antimetastatic effects of Nm23-H1 through its association with EBNA3C. 59 Another essential EBV antigen EBNA1 is associated in molecular complex with Nm23-H1 as shown by coimmunoprecipitation using lymphoblastoid cells. 60 The Figure 2 Schematic representation of four common functions of Nm23-H1. A primary function of Nm23-H1 is to maintain NTP homeostasis and supply GTP for signaling reactions. Other functions include DNase activity, histidine kinase activity and antimetastatic activity by regulating cellular functions, apoptosis, DNA repair, cell-cycle control and transcription regulation.
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functional significance of Nm23-H1 association with EBNA1 was emphasized in the study of nude mice where EBNA1 promoted the in vivo growth of tumor cells. 59 The antimetastatic effect of EBNA3 was, however, more potent in comparison to EBNA1. 59 HPV, associated with anogenital, mouth and throat cancers, encodes two oncoproteins E6 and E7. These oncoproteins cause defect in cell division leading to chromosomal instability. 61 The E7 is essential for HPV-mediated transformation of infected cells while E6 supports the process. 62, 63 The E7 oncoprotein of HPV interacts with Nm23-H1 in yeast two-hybrid screen and was shown in cellular complex by coimmunoprecipitation. 64 This interaction results in modulation of the transcription and translational activities of Nm23-H1 with direct functional consequences. 64 Moreover, KSHV regulates Nm23-H1 through expression and interaction of the LANA, which activates the MAP kinase pathway and shifts the cellular location of Nm23-H1 to a predominantly nuclear compartment. 65 HCV, an oncogenic RNA virus associated with liver cancer, encodes the E1 protein, which exhibits prometastatic activity. This activity is linked to the simultaneous downregulation of Nm23-H1 transcripts and its degradation. This results in the suppression of the functional activity of Nm23-H1. 66 These examples give an overview of concerted molecular processes during viral infection where viral-encoded antigens drive the metastatic behavior of cells. EBNA3C encoded by EBV has potent prometastatic activity, and with its interaction with Nm23-H1, it regulates various downstream molecular events. Other viral antigens encoded by different oncoviruses such as LANA of KSHV and E7 of HPV drive similar potent prometastatic behavior. Thus this demonstrates that a complex cellular interaction web of host proteins are strategically tinkered by viral-encoded essential antigens that changes the specific promoter activity to modulate their expression, thereby changing the cellular behavior, as in the case of Necdin, where antiangiogenic activity is neutralized by the concerted action of EBNA3C and Nm23-H1. 67 
TRANSCRIPTION REGULATION OF CELLULAR TARGETS BY NM23 H1
Nm23-H1 is a significant cellular regulator that affects many signaling pathways related to tumorigenesis. For example, p53 can directly interact with Nm23-H1 at residues 113-290 in the DNA-binding region of p53. 43 This interaction was mapped by mutational analysis and Nm23-H1 interaction with p53 along with its binding partner STRAP can positively influence p53 function related to arrest of cell cycle and induction of apoptosis. 43 In reference to its contribution to angiogenic and invasive activities in breast cancer, the expression of Nm23-H1 and vascular endothelial growth factor (VEGF) can significantly modulate these functions. 68 As a metastatic suppressor, Nm23-H1 regulates the expression of estrogen-responsive genes, including Bcl-2 through the direct interaction with estrogen receptor alpha, which has implications for its tumor-progression activities. 69 Another study using immunohistochemistry followed by multivariate analysis for statistical association showed that PTEN, KAI-1 and Nm23-H1 downregulation strongly correlated with progression of non-small cell lung carcinomas. 70 Further, KAI-1 expression was regulated through Nm23-H1 through modulation of KAI-1 promoter activity in L9981 lung cancer cells. 71 Another study showed that c-Myc can upregulate the expression of Nm23-H1. 72 Furthermore, the oncoprotein ErbB2 expression was shown to be regulated by Nm23-H1, which affects the cell proliferative activity of ErbB2. 73 The transcriptional activity of Nm23-H1 was demonstrated using an Nm23-H1 fused to the Gal4 DNA-binding domain, which activates the upstream response element of a luciferase reporter construct. 74 Co-transfection of EBNA3C further increased the luciferase activity. 74 This established a transcriptional activation link between EBNA3C and Nm23-H1. 74 Interestingly, cyclooxygenase-2 (Cox-2), an enzymatic mediator during conversion of arachidonate to prostaglandin and prostacyclin, that can promote inflammation is also regulated. 75 Nm23-H1 modulates the promoter activity of Cox-2 and co-expression with EBNA3C further enhances the transcription effect of Nm23-H1. 76 Thus Nm23-H1 can cooperatively contribute to the cellular inflammatory activity. 76 Additionally, integrins are cell adhesion molecules shown to be associated with tumor development, progression and metastasis. 77 Interestingly, Nm23-H1 and EBNA3C have contrasting effects on alpha v integrin expression as EBNA3C can upregulate alpha v integrin expression, and Nm23-H1 can downregulate its activity through targeted association with the Sp1 and GATA1 transcription factors. 78 Tumor survival, invasion and metastatic activities are linked to the expression of metalloproteinases. 79 Nm23-H1 cooperative interaction with EBNA3C changes the expression profile of metalloproteinase 9 (MMP9) and diminishes the antimetastatic effect of Nm23-H1 through targeting of the Ap-1 and NFκB transcription factors. 80 Alteration in the glycosylation profiles can interfere with cellular immune surveillance with an impact on cancer. 81, 82 Early expression of glycosyl transferases in cancer can serve as potential markers as seen in breast cancer. 83 N-acetylglucosaminyltransferase V (GnT-V), a glycosyl transferase, shown to be regulated by Nm23-H1, can also have an impact on the metastatic phenotypes in lung cancer cells. 84 Platelet-derived growth factor (PDGF) also contributed to angiogenesis, an important feature in cancer progression. 85 Nm23-H1 suppressed the basal transcription of PDGF through modulation of its promoter regulatory elements through its DNA-binding activity. 86 Further, Nm23-H1 was reported to be able to suppress the lysophosphatidic acid receptor EDG2 along with its antimetastatic action. 87 Further, in studies involved with lung cancer cells, stable transfection of full-length Nm23-H1 in the non-small cell lung cancer cell line L9981 significantly Nm23-H1 and chromatin modifiers S Pandey and ES Robertson heightened the expression of beta-Catenin, E-Cadherin and TIMP-1. 88 This diminished the expression of MMP-2, CD44V6 and VEGF. 88 The tissue inhibitor of metalloproteinases (Timp1) was shown to have antiproliferatory activity but, on overexpression in cancerous cells, mediated by aberrant glycosylation, led to loss of interaction with MMP and reversal of its related functional activity. 88 These examples summarize a complex set of events where Nm23-H1 has direct influence on many cancer-related pathways, as a downstream effect of Nm23-H1 being an antimetastatic regulator. We can further conclude that if any upstream regulator such as viral factors exploits the Nm23-H1 they can directly or indirectly disrupt Nm23-H1 downstream effects, thereby shifting the behavior of the cell to be prometastatic.
NM23-H1 INTERACTION WITH EPIGENETIC MODIFIERS
Epigenetic silencing is a modality employed by many DNA viruses as well as other microbes for global modulation of host genes. This shifting of the epigenetic landscape can quickly suppress expression of tumor suppressors, activate oncogenes and alter the activities of epigenetic modifiers. One such example is viral-regulated epigenetic alteration associated with KSHV nuclear antigen LANA. 89 Host DNA methyl transferases (DNMTs) were shown to be targeted by LANA. 89 In vitro GST pull-down showed that recombinant LANA directly interacted with DNMT1, 3A and 3B. 89 Furthermore, chromatin immunoprecipitation showed that the LANA-DNMT3A interaction was a prominent interaction in cells. 89 Moreover, studies showed a direct correlation between LANA upregulation and nuclear Nm23-H1 leading to an increase in cellular invasion activity. 65 Also, KSHVencoded vIL-6 was shown to exploit the STAT3 pathway for genomic methylation by recruiting DNMT1 in endothelial cells. 90 High-throughput ChIP sequencing has been employed to interrogate the EBV epigenome. 91 A browser-based tool (https://ebv.wistar.upenn.edu/) is provided for open access to the raw alignment data and coverage track. 91 These studies provide evidence for the global regulation of the viral genome. Recent studies in our laboratory showed that EBNA3C induced DNMT1 levels after EBV infection and can also interact with DNMT1 as shown by immunoprecipitation assays in EBNA3C-expressing cell lines (Figure 3a) . Can Nm23-H1 and EBNA3C expression modulate the expression profile of different DNMTs as well as HDACs? To investigate this question, we now show that EBNA3C has a direct role in the regulation of DNMT1 levels as RT-PCR showed that the levels of DNMT 1 are more than doubled in Burkitt's lymphoma cells stably expressing EBNA3C (Figure 3b, left  panel) . Furthermore, we also showed that the protein levels of DNMT1 were also dramatically increased in two independent Nm23-H1 and chromatin modifiers S Pandey and ES Robertson cell lines expressing EBNA3C and that a lymphoblastoid cell line transformed by the virus EBV knocked down for EBNA3C showed a significant drop in levels of DNMT1.
To determine the effect of NM23-H1 and EBNA3C on other DNMTs, we performed RT-PCR analysis on total RNAs from cells expressing Nm23-H1 alone or with EBNA3C. We showed that DNMT3a was strikingly upregulated with Nm23-H1 alone but was restored to the levels of vector control when EBNA3C was included (Figure 4a) .
The levels of HDAC 1, 2 and 3 were also increased on expression of Nm23-H1 but reduced to control levels when EBNA3C was expressed (Figure 4b) . A drop in the levels of HDAC8 is seen with Nm23-H1, which was increased with EBNA3C (Figure 4b ), suggesting that Nm23-H1 may be functioning in the downregulation of HDAC8 due to its role in suppressing apoptosis or other proliferative effects. Further studies using MDA-435 cells showed that, at the protein level, Nm23-H1 collaborating with EBNA3C can induce DNMT1 levels ( Figure 4c ).
PRMT5, a type II protein arginine methyl transferase, was also shown to have a direct role in regulating the cellular tumorigenic growth and proliferation event. 92 It can negatively regulate the action of tumor suppressors as well as antiproliferative effects of Suppression of tumorigenicity 7 (ST7), Nm23-H1 and p107. 92 ST7 and Nm23-H1 can form a complex with BRG1 and hBRM hSWI/SNF complexes, implying that this chromatin remodeling complex which includes PRMT5 may be involved in their regulation. 92 Although this is a recent finding that EBV collaborates with Nm23-H1 for chromatin modification, it is on par with related functions of oncoviruses, including KSHV. This can be easily linked based on examples of other studies showing that modulating the host transcriptome and proteome has crucial role in the pathogenesis of virus-mediated cancers.
The detailed mechanism and signaling cascade is still not fully elucidated. However, epigenetic modification and microbial infection is not new. Chronic Helicobacter pylori infection in gastric cancer and nasopharyngeal carcinoma with EBV infection, which changes the large-scale epigenetic alteration and EBV linkage, are examples. Alterations in the host gene expression profiles can directly suppress host defenses against cancer. 93, 94 POTENTIAL FOR THERAPEUTIC TARGETING The expression and cytosolic accumulation compared with the nuclear localization of Nm23-H1 showed a reduction in Figure 4 Effect of Nm23-H1 on Chromatin modifiers. (a) Effect of Nm23-H1 on the DNMT3a transcript is neutralized with simultaneous expression of EBNA3C. DNMT1 levels are significantly enhanced in the presence of Nm23-H1 and EBNA3C compared with Nm23-H1 alone. (b) HDAC1, 2 and 3 are enhanced with overexpression of Nm23-H1 but simultaneous expression of EBNA3C led to a reduction to normal transcription levels. (c) Nm23-H1 and EBNA3C co-expression enhanced DNMT1 expression compared with Nm23-H1 alone as seen by western blotting. Experiment was performed in MDA435 breast cancer cell line. Anti-Nm23-H1 antibody was purchased from Seikagaku Corp (Tokyo, Japan). 105 
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Ras-MAP kinase activity resulting in loss of invasiveness in KSHV-mediated cancers. 65 Similarly, removal of methylation marks from metastatic-compatible breast cancer cell lines also results in loss of proliferation and metastatic colonization activity by upregulation of Nm23-H1. 95 This emphasized the therapeutic potential of Nm23-H1. Further, estrogen and progestin can also manipulate Nm23-H1 expression level to influence cell proliferation by activation of the PI3 kinase/Akt pathway as studied in ES-2, the ovarian cancer cell line. 96 With regards to estrogen-induced accumulation of Nm23-H1, estrogen receptor alpha (ERα) is also increased and cells lacking the ERα have no effect on Nm23-H1 levels. 97 It is suggested that the steroid hormones and their derivatives can positively regulate Nm23 expression, which results in a reduction in cell progression and metastasis. 98, 99 Corticosteroids can also directly lead to an increase in Nm23-H1 levels through the glucocorticoid receptor. 98, 99 A synthetic progesterone derivative, medoxyprogesterone acetate (MPA) in a mouse study model was shown to have the ability to increase the expression of Nm23-H1, reducing metastatic progression, and was suggested as a potential drug candidate for therapeutic targeting of Nm23-H1. 98, 99 As a hormone therapy, MPA is at different stages of clinical trials for postmenopausal patients, including hormone receptorpositive breast cancer, and breast cancer of lobular, endometrium and duct as well as also in Paget's disease of the bone. 100 In prostate cancer, use of the competitive permeable peptide, which targets the Nm23-H1/hPrune interaction, leads to suppression of AKT/mTOR and NFκB pathways. 101 In mouse xenograft models, a loss of metastatic activity was observed. 101 Therefore, this has potential for therapeutic intervention as hPrune induction was observed in several cancer types, such as breast, esophageal squamous cell and gastric cancers. 38, 102, 103 Further, a downstream target of Nm23-H1, lysophosphatidic acid receptor 1 (LPA1) if inhibited can have therapeutic implications as the expression of LPA1 was suppressed by Nm23-H1 induction with antimetastatic effects. 87 
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